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The Standard Model

A single, over-
arching theory
that includes all
types of matter In
the Universe and
explains how they
Interact...

Must be self-consistent and explain all known physical observations!



The "Big Questions”



Magnitude =1 Magnitude = 10%° Magnitude = 1036 Magnitude = 1038

How does Gravity even fit in?



Where does this end?

nucleus composed of
protons and neutrons

matter 10° m
molecule

composed of a nucleus and electrons

protons, neutrons <1018 m
composed of quarks — quark, electron



How did we evolve from 16 Watmend iion yos
the Big Bang?




What is the nature of mass?
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And what is the more fundamental
underlying theory?



Four Pillars Of Modern Experimental
Particle Physics Research

Accelerators
Detectors
Theory
Computing
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« 3.8 km circumference, In operétion since 2000 (now last remaining collider in the U.S.)
- Multiple species of heavy ions up to 200 GeV/nucleon (T ~ 4 x 102 K)
. Polarlzed protons up to 500 GeV c-o- m




R - ., Deagned for 14 TeV coI|S|on at - O Hz

= 101 protons/bunch X 1500 bunches (10° |nt/SC) _,.“\




ldentifying and Measuring Particle

Muon
Spectrometer
Hadronic
Calorimeter
Proton
\ 4 The dashed tracks
are invisible to
the detector
Electromagnetic .
Calorimeter Electro Why so big?
g New Physics = High Mass
Solenoid magnet ¢ 3 High Mass = High Momentum Tracks
Transition : :
Radiation High Momentum = Almost Straight
Tracking { Tracker _ Big Field, Big Detector = Precision
st Precision = Discovery!
detector




The RHIC Detectors
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LHC Pomt 1 The ATLAS Experlment

The ATLAS Collaboratlon

3000 Members
177 Institutes NS
38 Countries| {5
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LAr hadronic end-cap and
forward calorimeters
Pixel detector
Toroid magnefs LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transifion radiation fracker

Semiconductor fracker
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Electronic Channels At The ATLAS
Detector

Electromagnetic Calorimeters 190,000
Forward Calorimeters 3,600

6
1.2x10 Muon Detectors

Solenoid
End Cap Toroid

Numbers are

electronic
channel count g
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Inner Detector :
Hadronic Calorimeters
10,000

Barrel Toroid
1.45x108




ATLAS Data Acqguisition
Rates

Interaction rate Physics selection of the 200 ‘best’ out
-1 GHz [ CALO MUON TRACKING ] of ~1B interactions/sec:

E”rgf,? a:ﬁ:r ﬁ‘sl_séng 40 MHz, 1 PB/sec
Pipeline

LEVEL 1 memories Level 1: Coarse calorimeter data and muon
TRIGGER trigger chambers

< 75 (100) kHz '-t -f
<2 (s E Berendomizers 75 kHz, 75 GB/sec
1

. ; Headout drivers : : i
Regions ot Interest (RODs) Level 2: Full information from all detectors in

=iy
|
A

LEVEL 2 @:_ Beadout buffers regions of interest
TRIGGER iFtﬂEts}

- 1kH
¢ 1 kHz, 1 GB/sec
~10 ms Eveni bullder

EVENT FILTER F”""”;:*db””m Event Filter: Reconstruction of complete event
- 100 Hz processor sub-farms using latest alignment and calibration data
~ sec.

In Runi (2010-2012) 400 Hz, ~640 MB/sec
patarecording  IN RUN2 (2015-2018) 1000Hz, ~1600 MB/s

62TB/day, 6 Petabyte/year of recorded raw data




LHC Beyond Run 2

To the High Luminosity LHC (HL-LHC)
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Year ending

Trigger rates, event complexity increase steadily through machine and detector
upgrades

~15 PB/year LHC raw data in Run 1; ~130 PB/year in 2021 (@l 4 LHC Experiments)

Very rough estimate for new raw data per year in Run 4: 400 PB

Raw data is only the beginning, e.g. ATLAS dataset now is ~160 PB, ~“50% on disk

Event complexity: pile-up reaches ~150 at HL-LHC (now ~30), multiplicity up 8x
Plenty of challenges ahead!




DAQ/HLT Upgrade Plans

* Driving Parameters

# of Level-xRate | Event Size Storage
Trigger levels (kHz) (MB) GB/s | kHz

LvI-1 75
HLT ~0.4
LvI-1 100
HLT 1

LvI-1 100
HLT 1

LvI-1 400
HLT 10

Notes

 Storage bandwidth includes compression factors

* Run 3:No majorupgrades in the DAQ systems currently
foreseen

« Run 4:Two stage hardware trigger (Level-0 and Level-1)




ATLAS Run 1

20 MHz

v

Level-1 trigger | O(2 us)

75 kHz

P 1 4
Read-outbuffers

Detector Readout

~20 x 10 GE links
O(50 ms) 7 V) 300x 1 GE

AV
Multi-layered data network

Level-2 oy

6 kHz
~40 x 1 GE links

<400 Hz~

O(s)

& —

Event Filter




ATLAS Is Big Data

Business emails sent
3000PB/year
(Not managed as
a coherent data set)

Climate
DB

LHC data
15PB/yr Google search

100PB

Wired 4/2013

Lib of
Congress

Big Data in 2013

e e T T

Facebook uploads
180PB/year

=

YouTube Kaiser

ISPB/Yr ' permanente
30PB

Start of
{](‘]td tdk”]q

Current ATLAS data
set, all data products:
140 PB

1M files transferred per

day
B



http://www.wired.com/magazine/2013/04/bigdata/

Architecture in Run 4 (~2025)

Muon

Calorimetry

Tracking

Level-1 trigger

Low-latency
link to Level-1

Multi-layered data network

A A
200 x 400 Gbps links I
Y

High Level Trigger

LO: 1000 kHz
L1: 400 kHz

10 kHz

]

Y




Content Delivery Networks: Compare to Netflix

* HEP problem harder than Netflix?

- Netflix delivers streaming video
content to > 20M subscribers

- Routinely quoted as the single largest
user of bandwidth in the US

* More than 30% of the traffic
* HEP has a different working point:
< # clients,
< distribution,
> bandwidth per client

* However, much larger data set

- HEP can’t make many multiple
static copies

- need different strategies instead:

- make dynamic replicas and clean up
when no longer useful

- access data directly over the wide area
networks

Bandwidth per
client

NETELIX

1.5Mbit/sec

LHC
Computing

1MByte/sec

Clients

1M*

200k cores

Serving

1.5Thits

0.8Tbits

Total Data
Distributed

121B

140PB

Annual Budget

Similar Problems:

Not all files
are equally
accessed

< $.04B

e.g. Forward
Physics ;-)



The Problem....

How’s THE ...the challenges
BIG DATA PROTECT

COMING ALONG, of computing at
HOSKINS?
the Petabyte

scale
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LEP
dataset:
afewTB

1980s: Plethora of

architectures & OSes 1990s: Uniform OS/architecture

Linux/x86 standard for |
commodity cluster computing  2000s: Uniform fabric and access
Globally federated resources
enabled by network and grid

HEP computing evolution — growing uniformity
counters growing scale and complexity

Amazon EC2 MOV, | ﬁ
ATLAS YN CDN xrootd |AAA

PR beta release
12:(‘;83. | ,/\/ “Cloud computing” | htt |
¢ ,---// Google searches P
Aug 2006

FAX

2010s: Uniform envuronrpent | Virtual data |Event service
VMs and clouds put the user in control | |
of the environment — take it with you
anywhere and everywhere

2010s: Uniform data access
Working towards transparent distributed
data access enabled by the network and web




ATLAS Distributed Computing ...

Tier-0

* RAW data recording into Tape
¢ First-pass calibrations

* First-pass data processing

US Tier-2s o Tier-1 centers
AGLT2: U Michigan, Michigan State R ;
MWT2: UoChicago, Indiana U, UIUC e

NET2: Boston U, Harvard Tier-1 * MC Production
SWT2: UTA, Oklahoma U * Tape + Disk

WT2: SLAC | = User Analysis

Tier-2 centers

Registration &

Transfer Requests

Production and '( * MC Production

u nan .

Distributed Analysis System ' " N
(PanDA)

= User Analysis
Job Submission

Off-Grid facilities

- ¢ User Analysis

* Disk storage




... Using a Global Computing
Infrastructure

Tier-0 (CERN): data
recording, reconstruction
and distribution

aDOULIS0) o Nearly 160 sites in
=i N[;Gf Tier—lcentréé N W 35 countries

SARA-NIKHEF
. Netherlands TRIUMF

Nordic countries _(;r:dKn
N i N ~350,000 cores
us g ; RAL N
: | , 5 UK
_ - TR ASGC gt~ e | i
Tier-1: permanent . 1 | INFRCRAF 200 PB of storage
storage, re- S i - "
processing, -y cCIN2P3 ', iz - Ny " AL e
analysis S, g US 4™ > 2 million jobs/day

Canada -

Tier-2: Simulation,

: 10 and 100 Gb links
end-user analysis

The Worldwide LHC Computing Grid

WLCG: An international collaboration to distribute and analyze LHC data.
Integrates computer centers worldwide that provide computing and storage
resources into a single infrastructure accessible by all LHC physicists



PanDA Workload Management System

MNATIONAL LARDRATORY

PanDA System Overview

Production
managers PnnDA server ‘ Data Management l
System (DQ2)
w production_ f/ﬂ;;:'s : —
Job ol Pnrm -
X https —_https(

'"% sé’b";ﬂi.i'si" / " R Logging

II.H \ System
TﬂSk.{]nb pull I'll \ —
repository | T

https

NDEF “

{(Production DB) https \ )
I analysis \ pilot l
https . \ 0si&
ob ob \ i
) submit : T l'. F'I':ﬁ \\\

/ EGEE/EGT @ d \
W@ b
] - T

ARC Inferfﬂce
| (aCT) I
"“m condor-g_x
End-user | - { - pilot
Worker Nodes b (autopyfactory)

--\.""'-\.

BNL’s Physics Applications Software (PAS) group

leads development of the PanDA workload

management system with UT Arlington

PanDA manages processing and data workflows

for large scale data intensive computing

« 2005: Initiated for US ATLAS

« 2008: Adopted ATLAS-wide

« 2009: First use beyond ATLAS

«  2012: ASCR/HEP funding for Exascale BigPanDA

« 2013-14: New PanDA based ATLAS prod system

« 2014: New Event Service fine grained processing

« 2014: PanDA community growing in HEP, NP,
cosmology... US and international

~ 180 k runmng Jobs at peak

scheduler
Global ATLAS PanDA operations:
Up to ~200k concurrent jobs, 1.5M/day,
~1400 ATLAS users, ~140 sites

1.2 Exabytes per year processed (2013)

O(100M)/ye;

World combined - running - year \

L

Al

PAS also does software infrastructure, cloud & HPC porting,

offline software development, leveraging new processor
technologies, software project management...
programs in all Frontiers, and the wider community

P a L . ——— . oW ow m A —— A e am am — -

for BNL's HEP

Dwrc

Har Apr Hay Jum Jul ung tep ot Wow
BcCc:a MCERN HMO0E COES BMFR EIT Ese BN HRY E™ BUuE HUs
Range Trom Tue Mar 12 12:08 2013 to Thu Mar 13 @@:908 2014




RACF at BNL: An Overview

« Formed in the mid-1990’s to provide ¢ Role was expanded in the

chengralized computing resources for Iate 1990’s to act as the US
the four RHIC experiments "ier-1 computing center for
(BRAHMS, PHOBOS, STAR, the ATLAS experiment at
PHENIX)

the LHC

« Small but growing neutrino
and astrophysics presence
/ (Daya Bay, LBNE, LSST)

/ * Located in the Brookhaven
Computing Facility

« 30 FTEs providing a full
range of scientific
computing services for
more than 4000 users



RACF: Setting The Scale

= 1300 COTS Compute Servers (32k logical CPU cores)

= 16 PB of Distributed Disk Storage on Compute Nodes, >1500
Gb/s aggregate data transfer rates observed between servers

= 5 Robotic Tape Libraries w/ 50+ tape drives and 50k cartridge

BML RHIC Computing Facility Linux Farm Grid MNetwork last Zhr

1 Now: 11,16 Min: 560 Awvg: 13.36 Max: 31.5G6
U Now: 11.8G  Min: 896 Awg: 13.4G6 0 Max: 30.806




RACF: Setting The Scale

I ATLAS

= 830 COTS Compute Servers (17,000 CPU
cores)

» 42 Dedicated Servers providing 13.6 PB
of Disk Storage

» 4 Robotic Tape Libraries w/ 40 tape
drives and 36k cartridge slots

"1 Magnetic Tape Archive (200 PB Capacity)
» Data inventory of 60 PB on 58,000 tapes




RACF — Setting the Scale
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Our Infrastructure is Services

A rich environment of common services that can be flexibly composed to meet
specific requirements of science domains across BNL and DOE SC

Human Computer Interaction

Platform Workflow
nstantiation Interface

Composition &
Analytic Services

=xecution Manaaget
Sata Semantic Data Metadata Indexing, &jlation, Scalable Scientific
AnalysisFusio JransferHarvesting & Discovery & rameworks)ebuaqggersLibraries
4 y ,/Management Disseminatio ' 99

System Software & Middleware Services

.DIO Map Key Value Graph SQL Message
educ Stores Databases atabas Queues

Infrastructure Services

e Network\/Archival/ Object\ Visualization
Storage )\ Storage A Storagefnvironments

Visual Analytics
Interface

Data Services Simulation Services

O RACF Area of Expertise




/t‘” ATLAS Workload - Managed by PanDA

Completed jobs

35 000,000 208 Weelis from Week 00 of 2011 to Week 52 of 2014

30,000,000

25,000,000

20,000,000

15,000,000

10,000,000

5000,000

0
Jan 2011 Ji 2011 jan 2012 il 2012

Jan 2013 i 2013 Jan 2014 ]l 2014

Global ATLAS PanDA operations
Up to ~200k concurrent jobs
25-30M jobs/month at >100 sites
~1400 ATLAS users, ~140 sites

First exascale workload manager in HEP
1.2 Exabytes processed in 2013
1.1 Exabytes in 2014

Exascale scientific data processing today




ATLAS Processing Contribution
by Tier-1 Site In 2015

L5-T1-BNL

LK-TI-

CH-CERN

FR-CCINZP3

CA-TRILMF

DE-KIT

M-I

IT-INFN-CNAF

NDGF

TW-A5GC

NRC-KI-T1

E5-PIC

WallClock consumption In seconds

0.0

[ completed

0.5

successful




Provisioning for Peak Demands

* The “dream” of short turn-around
times for workflows

Short latencies In particular In
analysis workflows are important for
science efficiency

Use resources from a larger pool
when they are needed, should also
result in more cost-effective solutions

Provisioning for Average

Data Reprocessing

Simulation

)
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Analysis

» Separating the processing and
storage services allows them to Prompt Reconstruction
scale independently

* €.9. ATLAS and CMS are looking ST :
at ways to double available Provisioning for peak requires

resources for periods of time that we use pOOIEd resource '
using Amazon services —> Clouds or large HPC Center!




Provisioning for Peak Demands

* The “dream” of short turn-around
times for workflows

+ Short latencles In particular In

analysis workflows are important for
science efficiency

+ Use resources from a larger pool
when they are needed, should also
result in more cost-effective solutions

» Separating the processing and
storage services allows them to
scale independently

* e.9. ATLAS and CMS are looking
at ways to double avallable
resources for periods of time

+ using Amazon services

Provisioning for Peak

PROCESSING RESOURCES

Analysis

Prompt Reconstruction

Provisioning for peak requires
that we use pooled resource
—> Clouds or large HPC Center!




The Potential of Commercial
Cloud Resources
A Snapshot of AWS Global Capacity

AZ

J. Kinney (AWS)

W L. L |
L L | L |
| W -
L L | L |
- . | -
1|| li- -Fl

Data Center Data Center

TiL T it WL Tt

Data Center Data Center

AWS Disk Storage Cost
* Actual (blue)
* Forecast Model (red)

$0.03/GB per month

N (as of Jan 2014) Cost for Compute (AWS Spot) quickly
ﬁ_\ approaching cost for dedicated resources
| -f—-u——.-_u | * A cost-efficient way to serve peak demand




Running ATLAS Jobs in the Cloud — At Scale and at
Low Cost

Joint Project (Amazon AWS, BNL/ATLAS, ESnet) to investigate
feasibility (technically and financially) of large-scale usage of
commercial cloud resources

AWS: Provide expertise and guidance to BNL/ATLAS, credits for AWS
service investigation and scale-out tests

BNL: Provide ATLAS-compatible VM image and provisioning
infrastructure, incl. demand-driven (i.e. via PanDA server API) VM
lifecycle management (create, retire, terminate)

ESnet: Provide high-performance (up to 100G) network connectivity
between AWS facilities and sites connected to R&E networks
(general peering and AWS Direct Connect)

Has made AWS partially waive Egress traffic fee (at level of 15% of
total bill)

Cost of AWS/EC2 spot slightly lower than dedicated farm
resources at BNL



Running ATLAS Jobs in the Cloud — Experience

“Unlimited” spot resources available on demand

Had no issues ramping up quickly from 1000 to ~6000 8-core
Instances (several instance types) in a single (out of 3) AWS region
In the U.S.
Ran at level of 6000 instances for a few days with very low fluctuation
(VM instance termination) due to spot overbidding
<1% of total running VM instances were terminated by AWS while
production jobs were running during a multi-day period
Most of the terminations occurred within the first hour after VM

Instance creation -> no cost to us
Public cloud dvantages: “Unlimited” horizontal scaling in AWS EC2/S3 in terms of network
bandwidth between compute and storage. Very high performance Object Store at low cost
(when used as temporary storage for intermediate data products)



Running ATLAS Jobs in the Cloud — Potential going
forward

Combination of “unlimited” capacity whenever we need it and competitive

pricing makes AWS (and presumably other commercial cloud providers)
an ideal resource to cover peak demands

Could think of deploying only components (kind and quantities) & services at our
dedicated data centers where cloud providers cannot cope (yet, i.e. technical
capabilities and cost)

Potential to vastly reduce size and scope of our dedicated (and aging) hardware
deployment

Potential to lower computing facility operations cost at improved performance
(whenever the collaboration is in desperate need) and availability (e.g. the
availablility of AWS services is much higher than what WLCG sites provide)

Potential to vastly increase our flexibility

Using cloud computing makes us nimble whenever we need specific
resources/platforms — temporarily or for long periods.




Running ATLAS Jobs in the Cloud — Matching
Workloads

But all these wonderful things are not compatible with and/or applicable

to our current processing model
Most of our compute-intensive jobs run for 6-24 hours making spot VM instance terminations
likely at probability of up to 80%
Potentially a huge waste of resources we would have to pay for
In a previous run we've observed 10-20% VM terminations (out of 2500 VM instances) with
2-hour jobs -> the shorter the job the better
> ATLAS needs to match volatile and opportunistic resources with workload profile that
suits the characteristics of a volatile resource
> Minimize loss due to resource becoming unavailable at any point in time
> The Event Server comes with all features that perfectly fit the characteristics of the AWS
spot market
o Fine-grained processing at the event level — if we lose a VM we lose no more than
a single event
o Supports parallel processing at high degree — can “grab” and utilize as many CPU
resources as the provider can offer
o Utilizes high performance Object Store technology — this is the storage technology
cloud providers have been focusing on



Event Server based Physics Event Simulation on AWS

ATLAS Central A avon
U (i =)
PanDA =" A e
LAS Pilot
_ PanDA job g
Rucio .= < brokered with ES Job
—2C S VM
~E storage K )

endpoint info Event Service job

Input Intermediate output

stage-in Merge jobs stage

out to S3. Register

\
]
1
]
)
]
; Rucio
!
1
)
]
]
1

registration in RUCIO
File Transfer ]
Service ‘;TS) ATLAS Pilot
ES Merge

Service (FTS) Job

/7 LFile Transfer

No bottleneck:
1.2GB/s (10Gb
link)

E’“‘- SE j ; FTS Input

. transfer
10Gb link

S3 persistent




Connecting AWS Facilities to the
Research Community

AWS
100G to PNWG

amazZon
webservices™

®GIGAPOP

Direct Connect Direct Connect

| ESnet Pilot 2x10G ESnet Pilot 1x10G

)
{0
c!:ﬁ\"
R AN
Y

i.}%

QX

- {},
\‘;;).4_

T
- "":\. e
%
S
-

100G R&E P
Exchange




Using Cloud Resources effectively: A Policy-based
Cloud Scheduler, developed at RACF

Example: Cascading Cloud Targets

Plugins and Config

Raady
offsat = 0

-

M onp. running = None ] Fill local Cloud 1-1
J when up to 1000
Local Free . -
MaxToRun
maxirmurm = 1000 ] - Dp‘enﬁtaﬂk J':"I:}S are Waltlr‘lg.
Hesady

offgat = 1000

l — Trigger EC2 spot
factor=0_10
Haﬂpl‘-«lﬁunnlng

VMS 1 per 10
waiting jobs over
— 1000. Never run
R ] more than 500.

Targets P0||Gy

keep running = None

Trigger EC2Z on-
demand VMS 1

) ECZ On AS
kaap running = Mono - Demand per 100 waliting
] jobs over G000.

R Never run more

Fully transparent to e 2100 than 100.
Workload Management N o Demand-driven.
System (e.g. PanDA), ! policy-based

Elastically expands
Pool of Compute
Resources according
to user-defined policy

programmatic
Instantiation and
contraction of cloud
resources

EC2Z Spot
1 -

VMs Maintained

Local Openstack

T E;{
Number Waiting 14




Elastic Cluster

Static (Local or Remote) Cloud/Dynamic
‘ Programmatically instantiates
Panda v, «.., JobDispalch Compute resources in the
Ky Cloud

/
'

SITE Query ,*

Panda foy/
Designed to serve Activated COLLECTOR HOST
‘ WNs join
- Peak demands / Condor 'J
- New users w/o K Collector * 20 R - =
dedicated res. Fy
[ —— |
APF: Local /
Pilot
Submission Schedd
r-f
Ren?;:w & Dynamic VM
Invocation Condor-G invocation (EC2, Openstack
etc.) Instance
APF Condor
SUBMIT HOST

John Hover, BNL

Physical Virtual Pilot Flow Info Retrieval Job Dispatch
host e B i -




ATLAS Event Processing

» ATHENA - ATLAS simulation, reconstruction and data analysis
* Huge Codebase: millions of lines of code organized into
thousands of independent software packages
» Designed and developed over many years for sequential

processing only
+ Static workload

Job processes a predefined sequence of events from a given file
Only after processing all events from the statically allocated workload the job is
considered

In case of premature termination the job is considered failed and all data
produced by the job is lost




The ATLAS Event Service

Event IDs

Fine grained dispatcher intelligently manages

/

Event requester

Event list

B

...assigned events are efficiently fetched, Iul:al or WAN... W

| /

Event data

Event data fetch

Async data cache

A | |
— ...buffered asynchronously...
| | _ Parallel payload

|
...outputs uploaded in ~real time...

' Output events

...and merged on job complete.

Remote  Worker node

|
|
|
...processed free of fetch latency...
[
|
|
I

Output stager




Architectural Overview from the
Facility Perspective

ATLAS Central
Amazon

_ 4
PanDA - o~
ATLAS Pilot
P PanDA job IF
- brokered with ES Job
o - UM
S Etaragg _ \_ )
endpoint info Event Service job
Intermediate output

Input
siage-n Merge jobs stage
. S out to S3. Register
registration " . _
in Rucio

A
L]
I
|
l
I
I
]
]
I
I

File Transfer W | .
Service (FTS) : =3 temp ATLAS Pilot

1

( : bucket

File Transfer ES Merge
Job

service (FTS)

4
EJL SE

No bottleneck:

1.2GB/s (10Gb
link)

S3 persistent

- FTS Input
transfer

10GDb link




Simulation 1s important and
resource Iintensive

= We collide particles together and
measure the trajectories of the

products in our detectors

= We then compare these results with
simulation — at multiple levels

— Does the detector respond to these
particles in the way we expect?

Do we see the number of particles in
various categories that we expect?

- Etc.

" Thisis a complex process, and we are
as dependent on the simulation chain
as we are on the data chain.

— ATLAS uses about a billion cpu-hours
per year on this.

Generator

Lyl Particle Filter

2

\,

MCTruth
(Gen)

MCTruth
(Pile-up)

T

9 B

MCTruth
and SDOs

Reconstruction

v

Simulation

f’: Merged Hits

] ' ROD Emulation

, (pass-through)

T

Raw Data
Objects

)

h 4

r

4

Digitization

ROD Input )
Digits

ROD Emulation

Bytestream

S

Bytestream
Conversion




Computing to reach the Science Goals

ATLAS uses about a billion CPU-hours per year on the
Grid
— This does not include the cycles spent calibrating or

reconstructing the data; the problem is defined as what
happens after this point

Event Generation

— Simulate the physics process of interest: produces lists of
particles and their momenta

SimUIaﬁOn —

— Simulate the interaction of these particles with the
detector

— You may have heard the term “Geant” or “G4". Geant4
is the toolkit by which we do this.

Reconstruction and Analysis  s——

— Treat the simulated data as real, reconstruct the
particles, and do the final analysis




The Power of a Supercomputer

Mira Activity

* We can run using the
Entlre maChmE ROO | RO1 | RO2 | RO3 RO5 | ROG ROC | ROD

— For throughput
reasons, we normally
limit ourselves to 1/3
of the machine: a

million parallel
processes

* Percore event
generation rate is

~1.5x a Grid core While this job was running, Mira was producing the equivalent
— Speedup of x23 over computing as 5 or 6 ATLAS Grids.

the year

— Mira has a lot of On our best days, we provide the equivalent computing capacity
cores! (768432) of the whole ATLAS Grid.




Tier-2 Centres
(> 100)

ATLAS Grid would
be around #27
from Top100

24 5 PF| 2.6 PI

18,688 compute GPU CPU

Performance
nodes

System memory 710 TB total memory

Geminl High Speed
interconnect

Lustre Filesystem 32 PB

Interconnact 3D Torus

Storage

High-Performance
Slorage System 29 FB
(HPSS)

512 Service and /O nodes

The ATLAS collaboration have members with access

to these machines and to many others...




puting Upgra

Name : Cori
Planned Installation ~ caison  TITAN — MIRA 2016
System peak (PF) > 30
Peak Power (MW) < 3.7
~1 PB DDR4 +
High Bandwidth
Total system memory Memory
(HBM)+1.5PB

persistent memory

Node performance

(TF) 0.460 1.452 0.204 >3
Intel Knights
intel Iv DAP:E:m 64-bit Landing many
Node processors Brid ; vaidia PowerPC core CPUs
J A2 Intel Haswell CPU
Kepler

in data partition

9,300 nodes
1,900 nodes in
data partition

5,600
nodes

18.688
nodes

System size (nodes)

System Interconnect Aries Gemini 5D Torus Aries
??EPE-E 32 PB 26 PB 28 PB

File System GB/s 1 TB/s, 300 GB/s 744 GB/s
g trre,@ Lustre® GPFS™ Lustre®

Today <= Future

Summit
2017-2018

150 —= 200

10

>1.74 PB
DDR4 + HEM +
2.8FPB
persistent
memory

> 40

Multiple IBM
Powerg CPUs
&
multiple Nvidia
Voltas GPUS

~3.,500 nodes

Dual Rail EDR-
IB

120 PB
1 TB/s
GPFS™

2016

1.7

>480 TB DDR4 +
High Bandwidth
Memory (HBM)

>3

Intel Knights
Landing Xeon Phi
many core CPUs

=2.500 nodes

Aries

10PB, 210 GB/s
Lustre initial

eS

Aurora
2018-2019

180

13

> 7 PB High
Bandwidth On-
Package Memory
Local Memory and
Persistent Memory

> 17 times Mira

Knights Hill Xeon
Phi many core
CPUs

=>50,000 nodes

2nd Generation Intel

Omni-Path
Architecture

150 PB
1TB/s
Lustre®




Phase Space of available & affordable

Resources

10,000 feet overview

* Virtual
Organizations
(VOs) of users
trusted by Grid sites

* VOs get allocations

-» Pledges

® Unused allocations:
opportunistic resources

Trust Federation

« Community Clouds -

Similar trust
federation to Grids

 Commercial Clouds -

Pay-As-You-Go

model

® Strongly accounted

® Near-infinite capacity =
Elasticity

® Spot price market

* Researchers granted
access to HPC
Installations

* Peer review
committees award

Allocations

® Awards model designed
for Individual Pls rather
than large collaborations




This new paradigm significantly changes the role of Facllities
In providing end-to-end solutions to their customers

* Facillities can benefit from providing a much more “elastic” offering

* Moving away from stand-alone stove-piped facilities toward
Labs providing leadership role in the computing eco-system

+ labs, leadership class and production class facilities, etc are part of and
leaders In the eco system, that includes scientific and commercial providers

+ sites will find a large “market” for specific offerings: specialized architectures,
archival capabilities, database services, data management solutions

+ the eco-system Is enabled by the labs and OSG and others

* Facillity’s role Is still to provide “complete solutions™ for their users
+ CPU and data capacities with guaranteed level of service

+ Users would not have to care about wether their jobs are running on “owned”
or “rented” resources Sites could make the economic decision themselves
and optimize their cost structure

+ Storage services that adapt to where the jobs are running
+ On-demand services that scale by tapping into large pooled resources
* |ike clouds, HPC, OSG etc




Trends across the HPC Landscape

Increasing importance of computing and simulation within SC and DOE
programs (across our missions: science, national security, and quest for
cleaner energy)

— Continued full subscription of computational resources
— Increasing importance of effective partnerships (domain + applied math + CS)

— Difficulties persist in acquiring and retaining highly skilled workforce

Nexus of big data and powerful compute is an emerging frontier

The drive toward exascale — Scientifically important and challenging
questions await exascale

— Dennard scaling is driving further increases in concurrency — billion-way
concurrency Is coming

Post-CORAL computer architectures may be significantly different - significant re-
coding

Data movement is increasingly costly - becoming the rate limiter
Power consumption remains an issue (51M/megawatt-year)

A petaflop in a 19-inch rack S. Binkley/ ASCR
* The post-Moore’s Law epoch is drawing nearer — we need to start preparing




Post Moore’s Law Computing

CMOS lithographic feature sizes are approaching fundamental limits
— Currently at 22 nm (both Intel and Nvidia)

— 11 nm Is projected for ~2845 2016 (both Intel and Nvidia)

« However, gate lengths may be smaller than 6 nm — corresponding gate dielectric thickness
may reach a monolayer or less

— The Industry roadmap reaches beyond 11 nm (7 nm and 5 nm) but may be
unattainable

« Non-silicon extensions of CMOS, e.g., using IlI-V materials or nanotubes/nanowires or non-

CMOS technoligies, including molecular electronics, spin-based computing, single-electron
devices, and graphene have been proposed

« At scales of ~10 nm, quantum tunneling may become significant
— Capital costs for tooling are increasing dramatically as feature sizes shrink
Options:

Computing using superconducting technologies
Quantum computing/quantum information science
Neuromorphic computing

Probabilistic computing
7777

= Considerable R&D
required

S. Binkley/ASCR




and Outlook

» There Is no end In sight for large increases Iin resource demands and new
capabilities, which change expectations and requirements on HEP facilities
+ provide services 1o distributed communities, supporting complex end-to-end use cases
involving huge computational and data throughput needs and capabilities
 The role of the facility providers are changing as they are facing cost effective
competition to their “bare metal” offerings from laaS providers

+ Facilities remain to be first-line support for the complex scientific work flows and data
management needs of HEP and other DOE SC communities

+ Facilities should integrate new opportunities and capabilities into their service
offerings, In particular in connecting to large data management and data access
systems, beyond “login and baich” services for applications and application libraries

» Facilities should keep an open mind how to provide their services so they fit
into and enrich the US and international scientific computing eco-system

+ requires new thinking and approaches to difficult issues in the distributed environment,
including security, robustness and protection of resources, accounting, prioritization etc

+ good experiences with LHC and emerging |IF experimenis

* HEP and other DOE Facillities clearly have a huge opportunity for great
leadership roles In this environment




